Dopant-induced plasmon decay in graphene by Novko, Dino
Dopant-induced plasmon decay in graphene
Dino Novko∗,†
† Donostia International Physics Center (DIPC), Paseo Manuel de Lardizabal 4, 20018
Donostia-San Sebastia´n, Spain
‡ Institut fu¨r Chemie und Biochemie, Freie Universita¨t Berlin, Takustr. 3, 14195 Berlin,
Germany
E-mail: dino.novko@gmail.com
Abstract
Chemically doped graphene could support plasmon excitations up to telecommu-
nication or even visible frequencies. Apart from that, the presence of dopant may
influence electron scattering mechanisms in graphene and thus impact the plasmon
decay rate. Here I study from first principles these effects in single-layer and bilayer
graphene doped with various alkali and alkaline earth metals. I find new dopant-
activated damping channels: loss due to out-of-plane graphene and in-plane dopant
vibrations, and electron transitions between graphene and dopant states. The latter
excitations interact with the graphene plasmon and together they form a new hybrid
mode. The study points out a strong dependence of these features on the type of
dopants and the number of layers, which could be used as a tuning mechanism in
future graphene-based plasmonic devices.
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Recently, the quantized collective motion of surface electrons, called surface plasmon, has
gained renewed attention as the potential mechanism for the confinement of electromagnetic
energy, which could reduce the size of optical devices to the desired nanoscale.1 The two-
dimensional (2D) plasmon of graphene is a most promising framework to investigate these
confinement effects,2 as a result of its relatively long lifetime3–5 and its tunability through an
electrostatic gating6,7 or chemical doping.8–10 Angle-resolved photoemission (ARPES) stud-
ies show that chemical doping by deposition of alkali and alkaline earth metal (X) atoms
on graphene introduces much higher concentrations of conducting electrons than the stan-
dard electrostatic gating techniques.8,11,12 In fact, two recent theoretical studies point out
that lithium-doped single- and few-layer graphene can support plasmons ranging from near-
infrared to possibly visible energies due to a high level of doping.9,10 This opens new possibil-
ities to extend the application of graphene plasmonics to telecommunication technologies,1,2
photodetectors,13 or photovoltaic systems.14
The underlying physics of dopant-induced plasmon decay in graphene, i.e., how dopants
affect the electron scattering processes, is not understood yet. The largest contribution con-
sists of interband electron-hole pair excitations between occupied and unoccupied pi bands3
(i.e., Landau damping), which are suppressed due to Pauli blocking below the value of
two times the Fermi energy, 2εF . Since the value of εF in X-doped graphene shifts up to
∼ 1.5 eV,8,11,12 this damping channel is diminished within a large energy window. Neverthe-
less, the 2D plasmon in doped graphene can still show substantial decay rates below the in-
terband gap because of higher-order processes: electron-phonon,3,4,15,16 electron-impurity,17
and electron-electron18,19 scatterings. For the case of dopant-free graphene it is widely ac-
cepted that the first decay channel is a major contributor to the plasmon decay rate, but
only when the plasmon energy exceeds the energy of intrinsic optical phonon of graphene
(ωop ≈ 0.2 eV).3,4 On the other hand, when the plasmon energies are below this value, the
main sources of damping are the latter two scattering channels.5,20 ARPES studies have
shown a large increase in the electron-phonon interaction of graphene when X atoms are
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present,8,21 and that the magnitude of the increase depends strongly on the dopant species.8
As one of the consequences, the highly doped graphene is believed to be a promising material
for achieving phonon-mediated superconductivity in 2D systems.22,23 However, the needed
decisive quantitative analyses of the 2D plasmon and its decay rate are still lacking in this
case.
In this Letter I report the phonon-induced plasmon decay in single-layer and bilayer
graphene doped with various X atoms, where X = Li, Ca, Sr, K, Cs and Ba. By using
ab initio based methods I show that the presence of X atoms (i) alters significantly the
electron-phonon coupling strength of intrinsic optical phonon in graphene and as well (ii)
introduces new phonon modes that allow plasmon decay even below 0.2 eV. In accordance
with the experiments, the calculations show that Li, Ca, and Sr produce the largest electron-
phonon coupling strengths, while K, Cs, and Ba the smallest. Furthermore, due to σ states
contributed by the X atoms a new decay channel is open, namely, the low-energy interband
transitions between pi and σ states. Besides, the interaction between these interband exci-
tations and the 2D plasmon produces a new hybrid mode characterized by the anticrossing
splitting in the vicinity of their energies. Interestingly, both plasmon decay rate and disper-
sion relation of this hybrid mode depend strongly on the type of X atom and the number of
layers, leading to new possibilities for plasmon tuning in graphene.
The central quantity for understanding scattering processes of charge carriers in materials
is the optical conductivity σαα(ω) =
i
ω
piαα(ω),
24 where piαα is the current-current correlation
function,25 and α is the polarization direction. For detailed analysis of different scattering
channels it is useful to distinguish the intraband (i.e., Drude) from the interband transitions,
i.e., σαα = σ
d
αα + σ
ib
αα.
The electron-phonon scattering mechanism is incorporated into σdαα by using the Holstein
theory for normal metals.26 Within this theory the conductivity is calculated by means of
a diagrammatic analysis and solving the Bethe-Salpeter equation for pidαα.
27 According to
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Allen,24 the solution can be written as the following
pidαα(ω) =
2
Ω
∑
k,n
(
−∂fnk
∂εnk
)
|jαnnK|2
× ω
ω [1 + λph(ω)] + i/τph(ω)
, (1)
where εnk are single-electron energies, fnk is the temperature-dependent Fermi-Dirac dis-
tribution function, jαnmK are the current vertices, and Ω is the normalization volume. The
effects of the electron-phonon interaction are contained in the dynamical renormalization and
scattering time parameters, i.e., λph(ω) and τph(ω), respectively.
24,27,28 These two quantities
are related by the Kramers-Kronig relations. In the low-temperature regime (kBT  ω)
τph(ω) can be written as
1/τph(ω) =
2pi
ω
∫ ω
0
dω′(ω − ω′)α2F (ω′). (2)
The Eliashberg function α2F (ω) contains the information on phonon density of states and
electron-phonon coupling strengths. Equation (1) describes the indirect intraband phonon-
assisted processes in absorption spectra beyond the usual second-order perturbation the-
ory,24,29–31 which means that it is valid, in contrast to the latter theory, also in the low-
energy regime. In order to account for other scattering mechanisms, e.g., electron-impurity
and electron-electron scatterings, a constant phenomenological damping rate is added to
1/τph(ω), i.e., 1/τph(ω) → 1/τph(ω) + 1/τ . For the sake of comparison the same constant
value of 1/τ = 5 meV is added in each of the studied cases. This does not affect the conclu-
sions regarding the effects of electron-phonon damping channel.
The interband part can be written as25
piibαα(ω) =
2
Ω
∑
k,n6=m
ω |jαnmk|2
εmk − εnk
fnk − fmk
ω + εnk − εmk + i/τib . (3)
Here a constant interband relaxation rate 1/τib is introduced (i.e., 30 meV in each of the stud-
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ied cases) and the indirect interband phonon-assisted processes32 are not included. As will
be seen shortly, the interband transitions have a strong impact on decay rate and dispersion
relation of the 2D plasmon in X-doped graphene.
The Kohn-Sham energies and wavefunctions needed for constructing Eqs. (1)–(3) are
calculated using the plane-wave based quantum espresso (QE) package33 (see SI for
more information on the ground state calculations). The electron momentum summations
in Eqs. (1) and (3) are done on a (400 × 400 × 1) Monkhorst-Pack grid including up to 20
unoccupied electronic bands. The current vertices are calculated as in Ref. 25. Phonon-
related properties (phonon energies and electron-phonon matrix elements) are obtained using
density functional perturbation theory34 as implemented in QE. α2F (ω) is calculated on
(200× 200× 1) and (20× 20× 1) electron and phonon momentum grids, respectively.
The excitation spectra including plasmon modes are obtained by screening piαα with
the help of the random phase approximation based in the density functional theory.25,35,36
The modes are analyzed by taking the imaginary part of the screened piαα, i.e. A(q, ω) ∝
Impiαα(q, ω)/ω, where the q-dependence comes from the 2D Coulomb potential (for more
details see Ref. 25). Since the supercell approach is used, the crucial step in obtaining the
correct 2D excitation spectrum is to prevent the Coulomb interaction between the repeated
slabs in the normal direction. This is achieved by integrating the Dyson equation for piαα
only between the normal direction boundaries of the corresponding 2D slab.9,25,35–38
The presence of the X dopants introduces high concentrations of conducting electrons
and thus shifts εF away from the Dirac point, εD. This enables strong electron-phonon
coupling in the intraband channel, which is otherwise suppressed in the pristine graphene.
The electronic structure calculations of single-layer graphene (SLG) give the largest value
of εF for X = Li (εF ≈ 1.6 eV), and the smallest one for X = Cs (εF ≈ 1.1 eV), which
is in a good agreement with the experiment.8 This suggests that the strongest (weakest)
phonon-induced damping should be obtained for the former (latter) case.
In Figs. 1(a) and 1(b) I show α2F (ω) and 1/τph(ω) for X-doped SLG. The corresponding
5
stoichiometries are assumed to be as in the bulk (graphite) systems,39 i.e., XC6 for X = Li,
Ca, Sr, and Ba [p(
√
3×√3)−R30◦ dopant pattern with respect to graphene], while XC8 for
X = K and Cs [p(2×2) dopant pattern with respect to graphene] (see SI for further details).
Hitherto the literature has focused in the intrinsic in-plane optical or acoustic phonons of
graphene.3,10 However, here we see that this simplified picture is drastically modified when
the X dopants are present. Namely, (i) the electron-phonon coupling strengths of the intrinsic
in-plane optical phonons are different for different dopants and (ii) new low-energy phonon
modes contribute to the phonon-induced damping.
The feature (i) can be observed in the range ω = 0.165−0.195 eV in α2F (ω) for different
X dopants. The smallest (largest) intensities are obtained for Ba and Cs (Ca and Li). It can
be also observed that the presence of X atoms shifts the upper boundary of this phonon band
from 0.202 eV found in dopant-free graphene to 0.195 eV (see also SI). This is a consequence
of the Kohn anomaly coming from electron doping, which softens the intrinsic in-plane
optical modes around the Γ point of the Brillouin zone.40 The feature (ii) is manifested as
the appearance of the spectral peaks in α2F (ω) below the energies of the intrinsic in-plane
optical phonons of graphene. These new contributions are due to the coupling with the
vibrations of the X atoms and the out-of-plane graphene modes (see below). It can be seen
that Li and Ca dopants give rise to the largest intensities of these low-energy peaks. As a
result of (i) and (ii) a different energy dependence of phonon-induced damping 1/τph(ω) is
obtained for different dopants.
The joint effects of (i) and (ii) can be also seen in the phonon-induced damping at
very large energies, i.e., the limit 1/τph(∞). From Fig. 1(c) it is seen that Li, Ca, and Sr
dopants give the largest, while Ba, K, and Cs the smallest values of 1/τph(∞). Note that
1/τph(∞) ≈ pi 〈ωλph(0)〉,24 where λph(0) is the standard electron-phonon coupling constant
and 〈. . . 〉 stands for the summation over all q and phonon bands. This relation allows a qual-
itative comparison with the experimental results of λph(0). ARPES measurements yield the
largest (smallest) values of λph(0) for Ca and Li (Cs and K),
8 which is in a good qualitative
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agreement with the results for 1/τph(∞) presented here.41 This ordering is the consequence
of different factors, such as the density of states at εF , N(εF ), the mass of the X atom,
M , the characteristic phonon frequency, ωph, and the deformation potential, D.
8,22 In fact,
using a crude approximation, one can write 〈ωλph(0)〉 ≈ N(εF )D2/Mωph. For example, Li
has the smallest M and is adsorbed closest to graphene layer, which introduces the largest
deformation potential D, and thus largest 1/τph(∞)22 (see SI for more information). When
comparing these results with those for SLG with a rigidly shifted Fermi energy (i.e., rigid-
band approximation, RBA), it is seen that the actual dopants induce much smaller values of
the phonon-induced plasmon damping. In order to clarify this, I note that electron doping
is introduced in the RBA only by shifting the value of εF in the Fermi-Dirac distribution
functions entering Eqs. (1)–(3). In other words, the RBA does not account for the changes
in the phonon density of states and, importantly, in the deformation potential D, otherwise
present in more realistic doping scenarios,42 and therefore overestimates the electron-phonon
coupling strengths. On the contrary, X dopants are not only providing additional scatter-
ing channels, but are also considerably modifying D and phonon density of states on the
adiabatic level due to the presence of the excess conducting electrons. The overall outcome
of these significant changes introduced by X dopants is thus underlined in the different val-
ues of 1/τph(∞) obtained in these two cases. Nevertheless, in both cases 1/τph(∞) has a
qualitatively similar dependence on the position of εF .
To emphasize the role of the different phonon modes in the plasmon damping it is useful
to decompose 1/τph(∞) in C and X atoms in-plane (xy) and out-of-plane (z) contributions.
Table 1 shows that the largest contribution to 1/τph(∞) is due to the Cxy modes. However,
considerable role in the plasmon damping is played by the Xxy and Cz modes (see SI for more
information). The latter mode couples weakly with electrons in dopant-free SLG, but in X-
doped SLG, due to the presence of σ states, the coupling is enhanced by the interband pi → σ
scatterings.22 Here it is again seen that the RBA largely overestimates the Cxy contribution.
The overall plasmon decay rate, consisting of phonon-induced and Landau dampings, can
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be extracted from the optical absorption spectra, since 1/τtot ∝ Reσαα holds.27,29 Therefore,
a large absorption intensity at a given energy implies large plasmon damping at the same
energy. Figure 2(a) shows Reσyy(ω) for SLG with X = Li, Ba, and Cs normalized to its
direct current (static) value σdc. The results for the intraband channel (dashed lines) show
an increase in Reσdyy(ω) around the energies of the Cxy optical phonon band. For X = Li
the increase in Reσdyy(ω) appears even below these energies due to the significant role of
the Cz and Xxy modes in this case (dashed red line). The comparison of the total optical
absorption Re σyy(ω) with Reσ
d
yy(ω) reveals the emergence of a new interband channel that
introduces large optical absorption and hence large 1/τtot. The usual interband pi → pi
transitions are suppressed here up to energies of ∼ 3 eV, and the new low-energy channel
originates from the pi → σ (i.e., from graphene to X atom) transitions (black arrows). For
the sake of completeness, the results for the X-doped bilayer graphene, where the X atoms
are intercalated between two graphene layers, are also shown [see Fig. 2(b)]. In that case,
the peaks of the pi → σ transitions are pushed towards higher energies (i.e., the σ band is
less occupied).43 In fact, for X = Li this damping channel is shifted to ∼ 2 eV (not shown).
For bilayer systems an additional plasmon damping channel appears at low energies: the
interband pi → pi (i.e., between graphene layers) transition (brown arrows). The intensity
of the latter is, however, much smaller than the intensity of the pi → σ channel, and thus it
contributes less to 1/τtot. These new interband excitations, especially the prominent pi → σ
transitions, should be experimentally observable through infrared optical spectroscopy, in a
similar manner as the low-energy interband excitations were measured in dopant-free bilayer
graphene.44,45
In Fig. 3 2D plasmons in graphene are shown with two significant improvements upon
the state-of-the-art ab initio studies:9,10,35,37,38,46 real doping beyond RBA and dynamical
phonon-induced damping calculated from first-principles. The SLG–RBA results (SLG 1
and SLG 2) clearly show how phonon-induced processes introduce the plasmon linewidth.
Even further, the electron-phonon interaction redshifts the plasmon energies (see SI for the
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corresponding intensities of the plasmon energy renormalization). The impact of the pi → σ
transitions is equally impressive. For the SLG doped with Li and Ba, and for bilayer graphene
doped with Ba, the anticrossing splitting caused by the large hybridization between the 2D
plasmon and pi → σ excitations is observed (the same holds for Cs, but it is not shown).
The coupling is so strong that the usual dispersion of the 2D plasmon is preserved only up
to ωpl ≈ 0.5εpi→σ, where εpi→σ is the energy of the pi → σ excitations. Since εpi→σ changes
as a function of the X dopants and the number of graphene layers, the dispersion relation
of the hybrid mode changes as well. These hybrid modes are also highly broadened around
and above εpi→σ due to Landau damping. Note that this hybrid mode bears parallelism with
plasmon-plasmon mode investigated in dopant-free bilayer graphene,47 and with plasmon-
phonon modes seen in graphene deposited on SiO2
4 or SiC48 substrates.
Finally, in Fig. 3 the results are summarized in the form of the total plasmon decay
rates 1/τtot as a function of plasmon energy ωpl. As noted before, in all cases 1/τtot is
characterized by a sudden increase approximately at the energies of the Cxy optical phonon
band. However, substantial values of 1/τtot are found even below these energies, coming
from the low-energy Cz and Xxy modes or from the interband excitations (e.g., see values
of 1/τtot around and below 0.2 eV for X = Li). Authors in Ref. 10 use static (dc) phonon-
induced decay rate 1/τph(0) coming from the Cxy modes to describe plasmon damping in
Li-doped bilayer graphene, while the energy dependence of 1/τtot only comes from Landau
damping. Here I show that using a dc phonon-induced rate and disregarding the Cz and
Xxy modes for estimating plasmon losses is not justified. In fact, they report the value
of 23 meV by considering both electron-phonon and electron-electron scattering channels
[i.e., 1/τph(0) + 1/τel(0)], while I get an energy-dependent 1/τph(ω) ranging up to 120 meV.
The discrepancy between dc and dynamical values of the decay rate in graphene was also
discussed in Refs. 4,7,17
With these final results in mind the following optimal systems and the corresponding
energy windows with the smallest damping rates can be proposed: Ba- and Cs-doped SLG
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up to ≈ 0.4 eV and Ba- and Cs-doped bilayer graphene up to ≈ 0.5 eV. Conversely, for the
same energy window the 2D plasmon in Li-doped graphene undergoes the largest damping
due to both electron-phonon coupling and interband excitations. For ω & 0.5 eV the ordering
is reversed, i.e., Ba and Cs introduce a larger damping than Li (see also SI). I note here that
these damping characteristics are specific for the stoichiometries studied in this work and
will vary as a function of concentration of dopants. In fact, higher (lower) concentrations
of dopants will introduce higher (lower) concentrations of conducting electrons, which will
increase (decrease) the electron-phonon coupling strengths. Additionally, the energy of the
pi → σ excitations εpi→σ varies as a function of the concentration of dopants,9 thus the
interband damping channel will be affected as well. Further study of these effects is indeed
needed, but goes beyond the scope of the present work.
In conclusion, using first principles calculations on the phonon-induced processes and
interband transitions, I have shown that plasmon losses in single-layer and bilayer graphene
are largely modified by chemical doping with alkali and alkaline earth metal atoms. In
addition to the well-known damping channel that comes from the intrinsic in-plane optical
phonons of graphene, here I report two new dopant-associated channels: loss due to low-
energy phonon modes (out-of-plane graphene motion and in-plane dopant motion), and loss
due to interband excitations between graphene and dopant states. Interestingly, the latter
excitation strongly interacts with the 2D plasmon and together they form a new hybrid
mode. All these features depend considerably on the dopant species and the number of
graphene layers, which opens new possibilities for tuning the 2D plasmons in graphene.
These findings may aid future design of graphene-based plasmonic devices in selecting the
optimal operation energy range and chemical dopants. Finally, the developed methodology
is quite general and can be used for quantitative analysis of phonon-induced plasmon losses
in other doped two-dimensional materials.
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Table 1: Decomposed 1/τph(∞) in C and X atoms in-plane (xy) and out-of-plane (z) con-
tributions for X = Li and X = Ba. The corresponding results for SLG–RBA are also shown.
1/τph(∞) ≈ pi 〈ωλph(0)〉 [meV]
Cxy Cz Xxy Xz
LiC6 65.62 26.14 8.74 1.48
BaC6 33.58 4.91 2.84 1.19
SLG 1a 178.52 5.02 - -
SLG 2b 77.26 4.23 - -
a RBA with εF = 1.6 eV;
b RBA with εF = 1.22 eV.
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Figure 1: (a), (b) The Eliashberg function α2F (ω) (left y-axis) and the damping rate due to
electron-phonon coupling 1/τph(ω) (right y-axis) for graphene doped with different X atoms.
Grey shaded areas represent the energy window of the intrinsic in-plane optical phonon band
of dopant-free graphene. (c) High-energy limit (ω → ∞) of 1/τph(ω) for X-doped graphene
as a function of energy difference between Fermi level and Dirac point (left y-axis). Orange
triangles (right y-axis) are the corresponding results for SLG with a rigidly shifted Fermi
energy (RBA, see text).
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Figure 2: Optical absorption Reσyy(ω) normalized to σyy(0) ≡ σdc for X-doped (a) single-
layer graphene and (b) bilayer graphene. Green arrows indicate the approximate energy
of the Cxy optical phonon (op) band. Black and brown arrows indicate the energy peak
positions of the interband (ib) pi → σ (i.e., from graphene to X atom) and pi → pi (i.e., from
the one graphene layer to the other) transitions, respectively.
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Figure 3: Excitation spectra A(q, ω) showing plasmon dispersion relations for X-doped single-
layer and bilayer graphene. In addition, the corresponding results for SLG–RBA are shown
(SLG 1 has εF = 1.6 eV and SLG 2 has εF = 1.22 eV). White dashed lines represent the bare
intraband plasmon energies without electron-phonon coupling. Orange dashed lines indicate
the boundaries of the Cxy optical phonon (op) band. Light and dark green dashed lines show
the peak positions of the interband (ib) pi → σ and pi → pi transitions, respectively. On the
right the corresponding total plasmon damping rates (i.e., linewidths) 1/τtot as a function of
the plasmon energy ωpl are depicted.
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